INTRODUCTION
Attention deficit hyperactivity disorder (ADHD) is defined by symptoms of inattention, hyperactivity, and impulsivity that significantly disrupt voluntary control of behavior in cognitive, social, and emotional domains (Barkley, 2005) . Indeed, neurocognitive models of ADHD have emphasized executive dysfunction reflected in ineffective inhibitory control of thoughts and actions and mediated by atypical development of frontal-striatal-cerebellar circuitry (Castellanos & Tannock, 2002) . More recently, however, deficits in non-executive domains have been recognized in child-hood ADHD (Castellanos, Sonuga-Barke, Milham, & Tannock, 2006) . One non-executive domain of cognition is our ability to learn from environmental regularities (e.g., when or where events may occur) without intention or conscious awareness, termed implicit learning. Implicit learning comprises multiple neuroanatomically dissociable processes that support acquisition of visual, linguistic, perceptual-motor, and cognitive skills (Gabrieli, 1998) . Whether implicit learning processes are intact in ADHD is currently unknown. This knowledge is necessary for specifying comprehensive models of ADHD.
The present study examined two forms of implicit learning known to be neuroanatomically dissociable in adults: sequence learning and spatial contextual learning. Implicit sequence learning involves repeated experience with invariant, sequential stimulus structure, which forms the basis for predicting subsequent responses to contiguous (e.g., Serial Reaction Time [SRT] task, Nissen & Bullemer, 1987) or non-contiguous (e.g., Alternating SRT [ASRT] task, Howard & Howard, 1997) stimuli. On these tasks, subjects respond faster to stimuli whose locations follow a repeating pattern than to stimuli whose locations are randomly determined. Learning is implicit because participants are unable to distinguish between repeated and novel sequences on subsequent recognition measures. Patients with striatal (Willingham & Koroshetz, 1993) and cerebellar (Pascual-Leone et al., 1993) damage from degenerative disease or stroke show impaired learning on SRT tasks. Neuroimaging studies of sequence learning in healthy subjects reveal frontal involvement in addition to striatal and cerebellar regions (for review see Doyon, 2008) . Thus, implicit sequence learning appears to be mediated by frontal-striatal-cerebellar circuitry.
In contrast, implicit learning of spatial contextual information relies on the medial temporal lobes. This form of learning involves repeated experience with invariant spatial relationships, which provide predictive cues that guide attention during visual search tasks (e.g., Contextual Cueing [CC] task, Chun & Jiang, 1998) . In this task, faster visual search occurs for targets among distractors whose spatial configuration covaries with target location across trials (Chun, 2000) . Learning is implicit because participants are unable to distinguish between repeated and novel distractor configurations on subsequent recognition measures. Patients with extensive medial temporal lobe damage show impaired spatial contextual learning (Chun & Phelps, 1999) . Neuroimaging studies of spatial contextual learning in healthy subjects show involvement of hippocampal (Greene, Gross, Elsinger, & Rao, 2007) and surrounding entorhinal/perirhinal cortex (Preston & Gabrieli, 2008) . Learning appears to be mediated by the surrounding cortex rather than the hippocampus because damage confined to the hippocampus did not impair learning on the task (Manns & Squire, 2001) .
Two lines of reasoning predict impaired implicit learning in ADHD. First, functional and structural neuroanatomical studies in subjects with ADHD have found atypical frontal, striatal, and cerebellar regions that mediate sequence learning but inconsistent evidence regarding medial temporal regions that mediate spatial contextual learning. Neuroimaging studies revealed reduced activation in frontal and striatal regions during response inhibition (for review see Aron & Poldrack, 2005) and in cerebellar regions during working memory performance (Valera, Faraone, Biederman, Poldrack, & Seidman, 2005) in ADHD relative to control subjects. Further, metaanalysis of structural imaging studies indicated that the most consistent volumetric reductions in ADHD relative to control subjects were in the cerebellum and prefrontal cortex bilaterally and the right caudate (Valera, Faraone, Murray, & Seidman, 2007) . In light of these functional and volumetric abnormalities, any learning processes mediated by those regions ought to also be disrupted in ADHD. The medial temporal lobes, in contrast, did not differ between the groups in that meta-analysis, although one study, published after the meta-analysis was conducted, reported larger bilateral hippocampus volumes in children and adolescents with ADHD (Plessen et al., 2006) . Further, cognitive processes depending critically upon the medial temporal lobes such as recall and recognition memory are within normal limits in ADHD (Denckla, 1996) . Thus, the neuroanatomical support for predicting reduced implicit learning is stronger for sequential than spatial contextual learning in ADHD.
Second, a hypothesis about the etiology of ADHD has posited that impaired prediction of environmental events may lead to the behavioral phenotype seen in children with ADHD (Nigg & Casey, 2005) . Specifically, Nigg and Casey argue that impaired predictions about when or what environmental events are likely to occur are mediated by frontal-cerebellar and frontal-striatal dysfunction, respectively, in children with ADHD. Deficits in these learning mechanisms interact with other cognitive and emotional processes over the course of development, adversely impacting the maturation of cognitive control (Nigg & Casey, 2005) . Importantly, there are no hypothesized deficits in learning where environmental events are likely to occur. Thus, this hypothesis would predict deficits in implicit sequence learning but not spatial contextual learning.
We examined implicit learning of temporal sequences using the ASRT task (Howard & Howard, 1997) and of spatial context using the CC task (Chun & Jiang, 1998) , in children with ADHD versus age-, gender-, and IQ-matched controls. On the ASRT task, participants respond to the location of a visual stimulus via keypress. Unbeknownst to participants, the stimulus location is varied in a fixed sequence involving alternate trials (i.e., item n predicts item n +2); in other words, randomly determined stimulus locations alternate with sequence trials. Context-dependent learning is indexed by faster responses on sequence compared to random trials. On the CC task, participants search for a target (left/right oriented "T") among distractors (rotated "Ls") whose spatial configuration is repeated on some trials and novel on others. Context-dependent learning is indexed by faster responses on trials with repeated, rather than novel, distractor configurations. We predicted that learning would be reduced on the ASRT task but not the CC task in children with ADHD relative to controls.
METHOD

Participants
Twenty children with ADHD (15 males) aged 7 to 12 years (M = 10.20, SD = 1.61) with normal IQ (M = 113.15, SD = 13.60) and twenty control children (16 males) ages 7 to 14 years (M = 10.50, SD = 1.82) with normal IQ (M = 115.20, SD = 12.78) were recruited from the Washington, DC area through advertisements in the Children's National Medical Center's newsletter and on-hold phone messages and were paid for participation. Both the ADHD and control samples were racially diverse (ADHD: 85% white, 5% Hispanic, 5% other, 5% no report; control: 60% white, 10% black, 10% Hispanic, 5% other, 15% no report). The groups did not differ in age (p = .58), IQ (p = .63), or in the proportion of white and minority (i.e., non-white) participants (p = .15). Parents and children gave informed consent and assent, respectively. Data from 14 control participants was described in Barnes et al. (2008) . All participants with ADHD had to provide documentation from the professional who made the diagnosis (either a physician or a psychologist). All documentation was reviewed by a clinical psychologist to confirm DSM-IV criteria 496 BARNES ET AL.
were met (i.e., presence of 6 out of 9 symptoms of inattention (for inattentive subtype) and 6 out of 9 symptoms of inattention and 6 out of 9 symptoms of hyperactivity/impulsivity (for combined subtype) in more than one setting, present before age 7 years and causing impairment). An ADHD Rating Scale-IV (DuPaul, Power, Anastopoulos, & Reid, 1998) , as completed by the parent, was collected on participants with ADHD to confirm that diagnostic criteria (i.e., presence of 6 out of 9 symptoms of inattention (for inattentive subtype) and 6 out of 9 symptoms of inattention and 6 out of 9 symptoms of hyperactivity/impulsivity (for combined subtype) were met (Total Score ADHD Rating Scale, out of a possible 27: Inattention: M = 14.05, SD = 5.36, Hyperactivity: M = 10.55, SD = 5.85). Of the 20 children with ADHD, 13 were diagnosed with ADHD-Combined Subtype and 7 with ADHD-Inattentive Subtype. The Behavior Assessment System for Children (BASC) (Reynolds & Kamphaus, 1992) was administered to confirm symptom presentation (BASC Hyperactivity-impulsivity: M = 61.83, SD = 10.50; BASC Attention Problems: M = 64.00, SD = 8.73) and to screen for comorbid neurological or psychiatric disorders (e.g., anxiety or depression) in children with ADHD. The Behavior Rating Inventory of Executive Function (BRIEF) (Gioia, Isquith, Guy & Kenworthy, 2000) was used an additional descriptive measure (BRIEF Global Executive Composite, M = 65.84, SD = 12.86). Control children were screened for psychiatric conditions with the Child Behavior Checklist (Achenbach, 1991) (N =14, Attention Problems: all scores ≤ 50) or the BASC (N = 7, Hyperactivity: M = 42.83, SD = 8.08; Attention Problems: M = 43.83, SD = 3.37). All children were screened for reading disorder using the Woodcock Johnson Tests of Achievement-Third Edition (III) Letter Word Identification and Word Attack subtests. Children with ADHD were excluded if they had comorbid neurological or psychiatric disorders or learning disabilities except Oppositional Defiant Disorder (N = 2). ADHD children participated following withdrawal of stimulant medications for at least 24 hours (methylphenidate: N = 8; dextroamphetamine: N = 6); 6 children were unmedicated.
Design and Stimulus Materials
ASRT. A 2 × 2 × 5 mixed design was used with Group (ADHD vs. Control) as a betweensubjects factor and Trial type (Pattern vs. Random) and Epoch (1-5) as within-subjects factors.
Each trial began with three empty circles displayed horizontally across a screen, each spatially mapped to a keyboard key ("M" and the adjacent symbol keys < and >, which were marked with stickers) upon which participants placed their index, middle, and ring finger, respectively. On each trial, one circle was filled and remained filled until participants pressed the correct key. The circles remained empty for 120 msec between trials. A pattern was randomly assigned to each participant (either A-r-B-r-C-r or A-r-C-r-B-r, where A, B, and C denote the left, central and right positions and r denotes a random element, constrained so that all locations appeared with equal frequency). The assigned pattern repeated throughout the experiment.
CC.
A 2 × 2 × 6 mixed design was used with Group (ADHD vs. Control) as a between-subjects factor and Configuration (Repeated vs. Novel) and Epoch (1-6) as within-subject factors.
Each trial consisted of a 12-element stimulus array of a single target and 11 distractors presented in white on a gray background. The target was a horizontal "T" rotated left or right by 90º, to which subjects responded by pressing a keyboard key ("Z" for left, "/" for right which were marked with stickers) with the index fingers of their left and right hands. The distractors were "L"s randomly rotated by 0º, 90º, 180º, or 270º. Arrays were generated by randomly placing the IMPLICIT LEARNING IN ADHD 12 items into cells of an invisible grid (6 rows × 8 columns). Target location was balanced for distance from the screen's center and screen half (left/right); no target appeared in the four center or corner cells. Every element was randomly repositioned by ± 2 pixels along each axis to avoid colinearity. Each block consisted of 24 trials: 12 unique distractors configurations (Novel) and 12 distractors configurations that repeated across the experiment (Repeated). Target location, but not orientation (left/right), was fixed for each Repeated configuration. Following the task, 24 configurations (12 Novel, 12 Repeated) were tested for recognition memory.
Procedure
Participants performed the ASRT and CC tasks within a single session in counterbalanced order. Both tasks were self-paced. Participants took short breaks between blocks, approximately every 60-90 sec. Including breaks, total time on the ASRT task ranged from 20-25 min and total time on the CC task ranged from 30-45 min. The experimenter confirmed that children rested their hands over the relevant response keys throughout the task.
ASRT task. Stimuli were presented via E-Prime with instructions to press the key that matched the filled-in circle's location. Participants completed 20 blocks of 60 trials each. Blocks were grouped into 5 epochs of 4 blocks (e.g., blocks 1-4 comprised epoch 1). Each block began with 8 practice trials and ended with feedback encouraging speed and accuracy. We did not test for recognition memory for learned sequences, following the procedure used in Barnes et al. (2008) . Adding these tests would have unacceptably increased testing time.
CC task. Stimuli were presented via Matlab with instructions to locate the "T" as quickly and accurately as possible. Following 24 practice trials, participants completed 30 blocks of 24 trials each. Trials were randomized within blocks. Blocks were grouped into 6 epochs of 5 blocks (e.g., blocks 1-5 comprised epoch 1). On each trial, a fixation dot appeared for 1 sec followed by a stimulus, which remained until a response was made. If no response was made within 6 sec, the trial timed-out following an error-tone. Feedback tones were high-pitched for correct responses and low-pitched for errors. The recognition memory test was administered at the end of the task. Participants viewed one block of 24 recognition trials and pressed a key for familiar configurations.
RESULTS
Percentage of correct responses (accuracy) and median Reaction Times (RTs) for correct trials were computed for each condition and epoch for each participant. Intra-individual variability was examined by computing coefficients of variation (Mean RT/Standard Deviation). Cohen's d and η p 2 effect sizes are reported for t-tests and Analyses of Variance (ANOVAs), respectively.
ASRT Task
Accuracy and median RTs for correct trials were computed for each participant and were analyzed in separate Group (ADHD vs. Control) × Trial type (Pattern vs. Random) × Epoch (1-5) repeated 498 BARNES ET AL.
measures ANOVAs. On this task, sequence learning is defined by a Trial type × Epoch interaction, indicating greater sensitivity to sequential information with practice. Analysis of accuracy revealed no significant main effects or interactions except higher accuracy on Pattern than Random trials (main effect of Trial type), F(1, 38) = 65.14, p < .0001, η p 2 = .63 (other ps > .23, η p 2 < .04). Overall accuracy was high in both ADHD (Pattern: M = 93.62%, SD = 4.05; Random: M = 91.18%, SD = 4.33) and control (Pattern: M = 94.06%, SD = 3.60; Random: M = 91.28%, SD = 4.82) groups.
Overall RTs did not differ between ADHD (M = 487.86 msec, SD = 111.57) and control (M = 449.97 msec, SD = 92.47) children (main effect of Group), p = .19, η p 2 = .04 (Figure 1 ). Participants exhibited improvement in perceptual-motor skill, as responses were faster with practice (main effect of Epoch), F(4, 152) = 13.53, p < .0001, η p 2 = .26. Overall, participants were sensitive to sequential information, as responses were faster on Pattern than Random trials (main effect of Trial Type), F(1, 38) = 40.27, p < .0001, η p 2 = .52. While the Trial type × Epoch interaction was not significant, p = .11, η p 2 = .05, the Group × Trial Type × Epoch interaction was, F(4, 152) = 2.89, p = .02, η p 2 = .07. No other interactions reached significance (other ps > .62, η p 2 < .02). We examined the three-way interaction in two ways: (1) We determined whether significant sequence learning was obtained in each group with separate Trial type × Epoch ANOVAs; and (2) We determined whether sensitivity to sequential information differed between groups during practice with separate Group × Trial type ANOVAs for each epoch. Sequence learning was significant in control children (Trial type × Epoch interaction), F(4, 76) = 2.71, p = .04, η p 2 = .13, but was not significant in children with ADHD, p = .09, η p 2 = .10. Further, sensitivity to sequential information was reduced in ADHD relative to control children at the midpoint of practice, in Epoch 3 (Group × Trial type interaction), F(1, 38) = 5.52, p = .02, η p 2 = .13, but not in other epochs (ps > .11, η p 2 < .07). Thus, the progression of learning was inconsistent in ADHD relative to control children.
Analysis of coefficients of variation did not reveal group differences in intra-individual variability (ADHD: M = .34, SD = .14; CON: M = .34, SD = .23) as no main effects or interactions with group reached significance (all ps > .13, η p 2 < .06).
IMPLICIT LEARNING IN ADHD
499
FIGURE 1 Median response time (in milliseconds) on the Alternating Serial Reaction Time task as a function of epoch and trial type for the attention deficit hyperactivity disorder (ADHD) and control (CON) groups.
CC Task
One subject with ADHD was excluded for failing to comply with task instructions. Following Chun and Jiang (1998) , trials without a response within 6 sec were excluded from analysis. The mean number of trials without a response was small and did not differ between groups (ADHD: M = 1.37, SD = 1.98, control: M = 1.75, SD = 4.47, p = .73, d = .11).
Accuracy and median RTs for correct trials were computed for each participant and were analyzed in separate Group (ADHD vs. Control) × Configuration (Repeated vs. Novel) × Epoch (1-6) repeated measures ANOVAs. On this task, spatial contextual learning is defined by a Configuration × Epoch interaction indicating greater sensitivity to repeated spatial context with practice. Accuracy was not sensitive to contextual learning, as the Configuration × Epoch interaction was not significant, F(5, 185) = 1.95, p = .09, η p 2 = .05 (other ps > .13, η p 2 < .06); no other main effects or interactions reached significance. Overall accuracy was high in the ADHD (Repeated: M = 96.39%, SD = 2.27; Novel: M = 96.55%, SD = 2.38) and control (Repeated: M = 96.79%, SD = 2.35; Novel: M = 96.35%, SD = 2.77) groups.
Analysis of RTs failed to reveal significant differences in response speed for ADHD (M = 1.20 sec, SD = .27) and control (M = 1.05 sec, SD = .23) children (main effect of Group), F(1, 37) = 3.05, p = .09, η p 2 = .08 (Figure 2 ). Participants exhibited improvement in visual search skill, as responses were faster with practice (main effect of Epoch) (5, 185) = 61.11, p < .0001, η p 2 = .62. While overall responses were faster to Repeated than Novel configurations (main effect of Configuration), F(1, 37) = 15.84, p = .003, η p 2 = .30, children exhibited context-dependent learning, as the benefit of repetition increased with practice (Configuration × Epoch interaction), F(5, 185) = 2.52, p = .03, η p 2 = .06. No other interactions reached significance (all ps > .24, η p 2 < .04). Thus, in contrast to the ASRT task, spatial contextual learning did not differ between groups.
In light of nominally slower visual search in ADHD relative to control children, we determined whether differences in learning were apparent on a measure that expressed learning as a proportion of one's baseline speed (i.e., Novel -Repeated/Novel calculated per epoch). Proportional learning scores computed for each participant were analyzed in a Group × Epoch ANOVA. Similar to the analysis of RTs, proportional measures of learning did not differ between groups (Group 500 BARNES ET AL. × Epoch interaction), p = .22, η p 2 = .04. Thus, the absence of group differences in learning cannot be attributed to baseline speed differences.
Analysis of coefficients of variation failed to reveal significant differences in response variability for ADHD (M = .45, SD = .05) relative to control (M = .42, SD = .05) children, F(1, 37) = 3.15, p = .08, η p 2 = .08. No other main effects or interactions reached significance (other ps > .19, η p 2 < .04).
For the recognition memory test, the percentage of repeated trials correctly identified as old (i.e., Hits) and the percentage of novel trials incorrectly identified as old (i.e., False Alarms) were computed for each participant and analyzed in a Group (ADHD vs. Control) × Trial (Hits vs. False Alarms) repeated measures ANOVA. Overall, the percentage of Hits (M = 58.33%, SD = 19.44) was greater than the percentage of False Alarms (M = 44.14%, SD = 18.83) (main effect of Trial), F(1, 35) = 6.23, p = .02, η p 2 = .15. However, recognition memory for repeated configurations did not differ between groups (main effect of Group, p = .13, η p 2 = .07, Group × Trial interaction, p = .57, η p 2 = .01). Thus, there were no group differences in recognition memory on the CC task.
DISCUSSION
Characteristics of learning differed between children with ADHD and controls on one measure of implicit learning: Implicit sequence learning on the ASRT task progressed inconsistently in ADHD children such that it was similar early (Epochs 1 and 2) and later (Epochs 4 and 5) in learning but reduced at the midpoint (Epoch 3) relative to controls. In contrast, no characteristics of implicit spatial contextual learning on the CC task differed between children with ADHD and controls. Inconsistent sequence learning in ADHD children was not an artifact of atypical perceptual-motor performance because response latencies and variability did not differ between ADHD and control groups. These results suggest a variable rate of learning in childhood ADHD.
The present CC results differ from past studies in that recognition memory for repeated configurations was above chance. Bennett et al. (2009) recently reported that 4 out of 29 adults noticed that certain arrays were repeated and accurately described one of the repeated arrays. Thus, having a few participants in a sample develop explicit memory of some of the spatial regularities embedded within the task is not unprecedented. Inspection of individual children's recognition memory data revealed these results were due to superior recognition in a few control children. Specifically, high recognition accuracy in three control children (Hits: M = 100.0%, SD = 0; False Alarms: M = 2.78%, SD = 4.81) accounted for the significant difference between Hits and False Alarms. However, the control children with high recognition accuracy on the CC task did not influence CC learning results for the following reasons. First, their CC learning (M = .28, SD = .40) was within the 95% Confidence Interval of the remaining control children (CI = .27 ± .11). Second, and most importantly, lack of group difference in CC learning persisted after excluding those three control participants (Group × Epoch × Configuration interaction for RTs, p = .39). Thus, superior recognition memory in a subset of control children did not account for the lack of group differences in implicit spatial contextual learning.
It is unknown whether consistent progression of implicit sequence learning in control children was mediated by superior explicit memory for sequential information. It is unlikely that children would recognize the regularity in the ASRT task given that college students do not become aware of the regularity despite use of multiple and highly sensitive assessments including IMPLICIT LEARNING IN ADHD recognition and sequence generation tests (Howard et al., 2004) . While explicit memory on the CC task may not necessarily be a good proxy for explicit memory for sequences per se, recognition memory on the CC task provides an index of children's explicit memory ability. The control children with superior explicit memory, however, did not inflate the magnitude of ASRT learning because: (1) Reduced implicit sequence learning in ADHD persisted after excluding those three participants (Group × Epoch × Trial type interaction for RTs, p = .01) and (2) Implicit sequence learning on the ASRT task for those participants (M = 85.83, SD = 27.26) was within the 95% confidence interval of the group (CI = 65.33 ± 28.08). Thus, using recognition memory on the CC task as an index of children's explicit memory ability, it appears that high recognition accuracy on the CC task did not relate to superior implicit sequence learning in controls.
Atypicality in sequential but not spatial contextual learning suggests that a learning process dependent upon frontal-striatal-cerebellar circuitry was selectively disrupted in ADHD. In light of current models of ADHD, at least two characteristics of that learning process are suggested by the present findings: First, functional and structural pathology of dorsal striatal projections with prefrontal regions are thought to underlie impaired executive control of responses in ADHD (Castellanos et al., 2006) . Impaired executive response control, however, is unlikely to mediate the observed reduction in implicit sequence learning because learning occurs without explicit memory and independently of working memory capacity (Gabrieli, 1998) . Executive control, however, requires conscious awareness and relies heavily on working memory capacity (Miller & Cohen, 2001) . Indeed, the magnitude of ASRT learning in ADHD children in the present study (i.e., sum of the difference between trial types across epochs) did not correlate with parental report of the extent of executive dysfunction (measured using BRIEF Global Executive Composite, r = -.01). Further, electrophysiological studies with non-human primates reveal dissociable time courses of neuronal activity during learning and executive control. During associative learning, activity in striatal neurons encodes probabilistic information and their firing rate precedes that of prefrontal neurons (Pasupathy & Miller, 2005) , whereas during executive control, activity in prefrontal neurons encodes goal related information and their firing rate precedes that of striatal neurons (Muhammad, Wallis, & Miller, 2006) . Thus, impairments in implicit sequence learning and executive control may reflect distinct deficits in bottom-up and top-down frontal-striatal-cerebellar signaling, respectively.
Second, the present results most likely reflect aberrant temporal processing evidenced by behavioral and neuroimaging studies with ADHD participants (Nigg & Casey, 2005) . As the to-be-learned sequence unfolds over time, deficits in predicting when an event is likely to occur, as posited by Nigg and Casey, are likely to be manifested in the lack of consistent acquisition of sequential information in the course of the task. Children and adolescents with ADHD showed a smaller difference in response speed and reduced cerebellar activation when target stimuli on a Go No-Go task appeared at an unexpected rather than an expected time (Durston et al., 2007) . However, that study did not examine whether these differences emerged later in the task, suggesting impaired learning, or were pervasive throughout the task, suggesting an atypical response to novelty. The observed pattern of learning in the present study could relate to the reduced response to expectancy violations in ADHD, but it does not exclude the possibility that an atypical response to novel information could also contribute to the results. Further work is needed to disentangle the relationship between learning, temporal processing, and novelty processing in childhood ADHD.
Several limitations of the current study merit further attention. First, a subset of controls participated in a prior study (i.e., Barnes et al., 2008) that screened for the presence of any psychiatric or neurological disorders using the CBCL rather than the BASC. The CBCL and the BASC are highly correlated at this age (Doyle, Ostrander, Skare, Crosby, & August, 1997) and therefore, it is unlikely that the use of the two rating scales introduced heterogeneity into the screening of the control sample. Second, the mean IQs of the ADHD (M = 113.15) and control (M = 115.20) children were in the high-normal range. Further, IQ did not differ between groups, unlike studies with larger samples (e.g., Frazier, Demaree, and Youngstrom, 2004 ) that have reported significant differences, albeit of modest magnitude, in IQ between children with ADHD and control children. It is not known how level of intellectual function affects implicit learning. The task demands are low (i.e., visual search for a target for the CC task and pressing a key corresponding to target location for the ASRT task). Further, learning is unintentional and not dependent on executive function. Therefore, IQ may affect magnitude of learning minimally. Nevertheless, it is important to examine these forms of learning in samples with a wider range of IQ to determine whether these findings generalize to lower IQ children. Third, we examined the status of implicit learning in children with either ADHD-combined subtype or ADHD-inattentive subtype. While the present sample size precludes direct investigation of subtype effects in the present study, this may be an important direction for future research, particularly in light of hypotheses that the two subtypes may reflect distinct disorders (Barkley, 2001; Diamond, 2005; Milich, Balentine, & Lynam, 2001) . Prior studies have demonstrated that subtype effects are not significant for temporal processing (Barkley, Murphy, & Bush, 2001) . Given our speculation that the cognitive processes underlying ASRT task may overlap more with those underlying tasks of temporal processing than working memory or inhibition, we predict that there would not be subtype effects on the ASRT task. However, this question warrants direct investigation in future studies with larger sample sizes to improve statistical power to detect differences across subtypes and between children with ADHD and control children.
In sum, the present study extends atypical cognition in ADHD children beyond the domain of conscious processes to associative implicit learning. Our findings show atypical associative implicit learning mediated by frontal-striatal-cerebellar circuits but typical spatial contextual learning dependent upon the medial temporal lobes. Reduced implicit learning of sequences but not spatial-context has also been observed in dyslexia (Howard, Howard, Japikse, & Eden, 2006) , another developmental disorder. However, dissociations between implicit sequence and spatial contextual learning are not ubiquitous in developmental disorders because both forms of learning were spared in autism spectrum disorders (ASD) (Barnes et al., 2008) . While the symptomatology of ADHD, ASD, and dyslexia differs, they often share executive dysfunction and temporal processing deficits. Thus, exploring the relationship between cognitive processes mediated by frontal, striatal, and cerebellar regions (e.g., implicit sequence learning, executive control, and temporal processing) in a broader developmental context may ultimately yield the greatest insight into the neurocognitive basis of disordered development.
